INTRODUCTION
============

High throughput DNA sequencing technologies, also known as next-generation sequencing (NGS) techniques, have evolved rapidly in recent years and have had an impact on all branches of biological science, including microbiology. Within the field of microbiology, the knowledge that can be gained relating to individual strains (through genomics) and populations of microorganisms (through metagenomics) via the use of these technologies has the potential to play a key role in several applications, for example in medical and veterinary diagnostic, forensic genomics, improving the monitoring of food, and food quality and safety ([@b1-jmbe-18-62]). NGS methods provide larger amounts of data, shorter sequencing times and reduced costs than the older 'Sanger' sequencing technology ([@b2-jmbe-18-62]). NGS techniques produce millions of individual DNA sequence reads attributable to several different samples at the same time with the use of specific adaptors, called indexes, which are assigned to each sample in advance in order to allow researchers to subsequently identify and assign the sequences corresponding to these samples. The chemistry underlying NGS facilitates this process and is thus of great relevance to science students. Among the NGS technologies, those provided by Illumina on their MiSeq, NextSeq, and HiSeq platforms are most commonly used. The common working principle underlying these instruments is a clonal amplification process that incorporates DNA bases into a nucleic acid chain while simultaneously allowing their identification through the emission of a unique fluorescent signal, which is used to determine the order of the DNA sequence. These instruments sequence basic units that are called 'reads' through a solid-phase hybridization ([@b3-jmbe-18-62]). The reads are then analyzed by bioinformaticians through a process that involves several steps, starting from the selection and trimming of the reads that have good quality ([@b4-jmbe-18-62]), then combining overlapping sequences in order to assemble longer continuous fragments called contigs ([@b5-jmbe-18-62]), and finally obtaining a draft assembly that, in the case of a whole genome sequencing (WGS) of a bacterium, consists of the complete sequence of bases found within chromosomal DNA and any other stably maintained extra-chromosomal genetic elements that might be present ([@b6-jmbe-18-62]). In addition to WGS of microorganisms, NGS can, among other things, be used for 16S ribosomal RNA (rRNA) sequencing to identify the bacteria present within a given sample and to compare the proportions in which they are present across samples. This application is widely used for phylogeny and taxonomy studies, including the investigation of complex microbiomes or environments that are difficult or impossible to study using culture-based techniques ([@b7-jmbe-18-62]).

In spite of the widespread application of NGS, and references to it in biology classes, professional courses, and articles in general science magazines, content relating to the principle and chemistry of NGS and the ways in which bioinformatics facilitates data analysis is somewhat lacking and would benefit from the development of new hands-on educational approaches. Here, we address this issue. More specifically, with this exercise, students will take part in a practical activity that will allow the identification of unknown pathogens that have been virtually sequenced. The participants will be provided with DNA read sequences that they will build manually with LEGO blocks (to represent DNA bases) associated with their indexes. The reads will then be oriented and aligned in order to produce contigs and, in turn, the final assembly, thereby mimicking the computational approach employed by bioinformaticians. Finally, the participants will compare the sequences obtained with representative short versions of the genomes of pathogens that are provided in a printed format. The students will "identify" the bacteria from which the sequenced (LEGO) DNA originated by comparison. The material provided is suitable for six different groups of participants and also includes an introductory presentation for the combined class that covers the principle of NGS technology, its applications, and an overview of the activity. In addition, a formative assessment quiz is provided, as are the results of a previous survey that was administered before and after the pilot activity. This survey showed that the exercise helped to fill gaps in the participants' knowledge with respect to NGS through a hands-on group activity that is safe, economical, and easy to store.

PROCEDURE
=========

Background for the class
------------------------

This activity is developed with a view to being a component of an introductory technical molecular biology laboratory course for students majoring in microbiology and/or other life sciences who have already received some instruction related to cellular and molecular biology and a theoretical introduction to aspects of DNA sequencing. Other potential participants are molecular laboratory technicians involved in NGS who want to familiarize themselves with the principles underlying NGS techniques and associated bioinformatic approaches. The activity is also recommended for instructors who want to add practical exercises and new approaches to encourage interest in new technologies and computational analyses. NGS can be introduced with the support of generic ([@b8-jmbe-18-62]--[@b10-jmbe-18-62]), and specific ([@b11-jmbe-18-62], [@b12-jmbe-18-62]) papers that relate to the application of this technology. Indeed, the students can be introduced to the specific use of NGS to reflect their interests and the curriculum. This may include, for example, the application of NGS to food microbiology ([@b13-jmbe-18-62]), food safety ([@b14-jmbe-18-62]), study of the human microbiome ([@b7-jmbe-18-62]), or the discovery and evolutionary analysis of plant viruses ([@b15-jmbe-18-62]).

Learning time and learning objectives
-------------------------------------

The activity is designed to take place during a 55-minute lesson comprised of a 15-minute slide-based lecture ([Appendix 1](#sup1){ref-type="supplementary-material"}), 25 minutes of activity, 10 minutes for the post-activity quiz ([Appendix 4](#sup1){ref-type="supplementary-material"}), and 5 minutes for clean-up. The major goal is to analyze sequences and identify the correct bacterial genome from a selection of six provided. The participants are asked to complete the quiz before and after the activity to determine the activity's success.

Materials
---------

A complete list of the materials and the accompanying instructors' notes are available in [Appendix 2](#sup1){ref-type="supplementary-material"}. In order to carry out the activity, instructors should prepare the kit for a maximum of six different groups in advance. The instructors' notes also contain the "reference genomes", i.e., the solutions for the activity consisting of sequences that match the contigs created during the exercise.

Student instructions
--------------------

A 15-minute PowerPoint lecture ([Appendix 1](#sup1){ref-type="supplementary-material"}) covering the introduction, syllabus, and an overview of NGS methods should be presented to the class. The instructions for the participants are included in [Appendix 2](#sup1){ref-type="supplementary-material"} as an "Exercise form" available in six different versions (2a/2b/2c/2d/2e/2f).

At the beginning of the practical session, students form groups of no more than three to allow each person an opportunity to manipulate the LEGO bricks and record the data. To simplify the activity, the model reads consist of only one segment, each visualized by a LEGO tower consisting of bricks of the same width and with a different color for each of the bases (blue for A, red for G, yellow for C, and green for T). The indexes are represented by Lego round plates that consist of cylinders of the same thickness in size with different heights. These bricks are transparent but respect the color code of the bases (blue for A, red for G, yellow for C, and green for T). Each group receives a box kit with a non-transparent LEGO plate that is used to model the flow-cell on which sequencing templates are immobilized, and an envelope containing the 64 pieces of 1 × 1 Lego bricks (16 for each base) and 32 pieces of 1 × 1 Lego round plates (8 for each base). The participants will follow the instructions contained in the exercise form ([Appendix 2](#sup1){ref-type="supplementary-material"}), and each group will be provided with the list of reads to build and the index sequences that can be chosen. A basic overview of index ligation and the pooling of the samples is provided in slides 18 to 20 of the lecture ([Appendix 1](#sup1){ref-type="supplementary-material"}). In the second part of the exercise, the students overlap the read sequences in order to create the contigs, and they will write the final sequence within a table printed on a transparent sheet provided with the kit ([Appendix 4](#sup1){ref-type="supplementary-material"}). The sequence obtained will be compared with the six reference genomes provided ([Appendix 3](#sup1){ref-type="supplementary-material"}) in order to find the perfect match and identify the unknown microorganism.

The sequences presented in this activity are short stretches of DNA sequences that have been extracted from the genomes of the following common foodborne pathogens: *Listeria monocytogenes* (GenBank: CP011345.1), *Staphylococcus aureus* (GenBank: CP018205.1CP010151), *Escherichia coli* (GenBank: CP010151.1), *Salmonella enterica* (GenBank: CP012151.1), *Campylobacter jejuni* (GenBank: CP017673.1), and *Clostridium botulinum* (GenBank: CP013243.1).

![Bricks fixed in the flow-cell. In the simulation are represented 8 reads of 7 bases, each with indexes of 3 base lengths. (See [Appendix 2](#sup1){ref-type="supplementary-material"} for the list of materials and notes for the instructor.)](jmbe-18-62f1){#f1-jmbe-18-62}

![Simulation of part 1 and part 2 of the exercise The picture shows the reads that have been built with their indexes (a) and their overlapping (b), assembling a contig.](jmbe-18-62f2){#f2-jmbe-18-62}

The DNA fragment generated by hand manipulation, contig assembly, and comparison with the reference genomes mimic the computational analysis performed by bioinformaticians. It is recommended that the instructor walk around the room during the class and interact with the students. The remaining class time can be dedicated to the quiz ([Appendix 5](#sup1){ref-type="supplementary-material"}), which takes about 10 minutes, leaving 5 minutes for clean-up.

Assessment
----------

This activity was tested with undergraduate students who were being taught the principles of NGS and bioinformatics for the first time and microbiology technicians who had not previously had the opportunity to have hands-on training in sequencing and bioinformatics. A total of 90 participants engaged in this activity. A quiz ([Appendix 5](#sup1){ref-type="supplementary-material"}) was administered by e-mail to the participants a day before the activity (pre-quiz) and at the end of the activity (post-quiz). Questions 3, 4, and 5 were used to evaluate the learning outcome at the end of the activity.

CONCLUSION
==========

The presented exercise offers a straightforward and efficient way to visualize the mechanisms underlying DNA sequencing and contig generation using sequencing by synthesis. In addition, the hands-on activity provides insight into the processes underlying the computational analysis that is the basis for sequence assembly.

Results of the pre- and post-quiz are shown in [Appendix 6](#sup1){ref-type="supplementary-material"}. After the activity, all 90 students (100%) answered the questions correctly (including questions number 1, 2, and 6, which were not included in the pre-quiz).

Possible modifications
----------------------

Possible extensions of the activity may include the acquisition of sequential pictures through the use of a smartphone from above the plates in order to simulate the solid-phase cluster amplification and acquisition of the images of the flow-cell by sequencers ([Fig. 3](#f3-jmbe-18-62){ref-type="fig"}). The participants will fix the reads on the surface of the plate in a random manner and will then add the special labeled nucleotide (step 1) that can consist of Lego bricks of the same color with a fluorescent brick attached. This imitates the polymerase activity that adds a complementary nucleotide to the one already fixed in the flow-cell; a picture from above will show the first base added (step 2); and the denaturing stage will remove the fluorescent brick (step 3). Repetition of steps 1 to 3 over a fixed number of cycles will complete the exercise.

![Possible extensions of the exercise. Simulation of the amplification and cluster generation. The hand simulates the consequential addition of bases during the sequence by synthesis reaction while the smartphone acquires the sequential pictures, simulating the solid-phase cluster amplification and acquisition of the images of the flow-cell by sequencers.](jmbe-18-62f3){#f3-jmbe-18-62}

In our experience, students engaged actively and enthusiastically in the described activity and were fascinated by the technologies and applications available thanks to this simple but effective way of explaining NGS and associated bioinformatic approaches.

SUPPLEMENTAL MATERIALS
======================

###### 
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